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INTRODUCTION
Members of the herpesvirus family have been implicated in the etiology of several human cancers. These include the Epstein-Barr virus (EBV), a candidate etiological agent in nasopharyngeal carcinoma and African Burkitt's lymphoma (198) ; herpes simplex virus type 2 (HSV-2), linked by serologic and molecular studies to cervical carcinoma (119, 120, 139) ; human cytomegalovirus (HCMV), associated with cervical carcinoma (71, 133, 172) , adenocarcinomas of the prostate (15, 150) and colon (63, 73) , and Kaposi's sarcoma (KS) (16, 59, 60) ; human herpesvirus 6 (HHV-6), associated with lymphoproliferative disorders (1, 148) ; and Kaposi's sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 (HHV-8), associated with KS (54, 123, 125) . The postulated involvement of these herpesviruses in the etiology of human cancer has led to the development of experimental systems in which transforming DNA fragments and genes of these viruses have been identified and characterized.
This review is an update of our current knowledge about the transforming genes of HCMV and HHV-6. The section on HCMV transformation contains an overview of HCMV (including the association of HCMV with human malignancies and transformation of mammalian cells in vitro) and descriptions of the morphological transforming regions (mtr) of HCMV, the mtrII oncogene (ORF 79; UL111A) of HCMV (including localization of mtrII activity to an open reading frame [ORF] encoding a 79-amino-acid [aa] protein and interaction of mtrII with the tumor suppressor protein, p53, i.e., binding and inhibition of p53-activated transcription), and the HCMV immediate-early (IE) genes (including interactions between IE proteins and p53 and interactions between IE proteins and retinoblastoma [Rb] protein).
The section on HHV-6 transformation contains an overview of HHV-6 and describes the identification of HHV-6 transforming fragments, the identification and characterization of the ORF-1 transforming gene (DR7) (including localization of ORF-1 within SalI-L, characteristics of the ORF-1 gene, association of ORF-1 with human malignancies, and the interaction between ORF-1 and p53 proteins), and the transactivation of the human immunodeficiency type 1 (HIV-1) long terminal repeat (LTR) promoter by ORF-1.
HUMAN CYTOMEGALOVIRUS Overview
The human herpesviruses are grouped into three subfamilies: the Alphaherpesvirinae, which includes HSV-1, HSV-2, and varicella-zoster virus; the Betaherpesvirinae which includes HCMV, HHV-6, and HHV-7; and the Gammaherpesvirinae, which includes Epstein-Barr virus (EBV) and KSHV, also known as HHV-8 (145) . Although the human herpesviruses generally cause asymptomatic infections in normal individuals, they can cause severe, life-threatening infections in immuno-compromised individuals. Moreover, these virus infections can be reactivated following primary exposure.
Most primary HCMV infections are inapparent. When symptomatic, primary HCMV infections in children and adults can cause polyneuritis, myelitis, and heterophile-negative mononucleosis syndrome, as well as carditis and hepatitis (90) . About 0.5 to 2.5% of all newborns are infected at birth (39, 163) , with a majority of these infections being asymptomatic. As a result, HCMV is also the most common cause of viral birth defects in congenitally infected babies. Both deafness and mental retardation can result from congenital HCMV infections.
In immunocompromised individuals, HCMV can cause severe disseminated disease characterized by chorioretinitis, pneumonia, esophagitis, colitis, myelitis, meningitis, encephalitis, leukopenia, lymphocytosis, and hepatitis (145) . In addition, HCMV can cause severe retinitis in AIDS patients, which can lead to blindness if not treated (78) .
Reactivated HCMV infections can result following blood transfusions, pregnancy, solid-organ or bone marrow transplantation, immunosuppressive therapy, or other viral infections (137, 164) . The virus infects leukocytes, endothelial cells, connective tissue cells, and epithelial cells (67, 128, 137) and is transmitted through milk, semen, urine, saliva, and cervical secretions (33, 41, 42, 97, 98, 136) . HCMV infection is acquired via the transplacental, perinatal, and sexual routes and through blood transfusion and organ or bone marrow transplantation.
Association with human malignancies. Because of the ubiquitous distribution of HCMV and the high seroconversion rates, an etiological association between HCMV infection and human cancer has been difficult to establish. However, evidence based on virologic, epidemiologic, and molecular studies which have demonstrated the presence of viral DNA or antigens in tumor tissues suggests its involvement in specific cancers.
While HCMV has been isolated from cervical cancer biopsy specimens and their derived cell cultures (72, 122) , seroepidemiologic studies linking HCMV infection to cervical cancer have yielded conflicting results. Some investigators have found significantly higher levels of antibodies to HCMV in patients with cervical carcinoma than in controls (133, 172, 184) , while other groups have found no correlation (53, 62, 94, 162) . Huang et al. (71) and Fletcher et al. (51) have detected HCMV DNA in cervical cancer specimens. However, DNAs of several other viruses, including HSV-2 and human papillomavirus (HPV), have also been detected in these tumors (120) . It is possible that synergistic interactions among these viruses in the infected cell leads to the development of cervical cancer.
In other studies, a large percentage of prostatic cancer patients exhibited high antibody titers against HCMV (150) . Lymphocytes from these patients were cytotoxic to both HCMV-infected and -transformed cells, indicating the presence of HCMV-specific membrane antigen (149) . Furthermore, HCMV nuclear antigens and DNA have been detected in prostatic carcinoma cells (25) , and one HCMV strain, Mj, has been isolated from a primary culture of human prostatic tissue (138) .
HCMV persistently infects (15) and has been isolated from the gastrointestinal tracts of patients with regional enteritis and ulcerative colitis. It has also been isolated from cell cultures derived from adenocarcinomas of the colon (63) . While Huang and Roche (73) have detected HCMV DNA in adenocarcinomas of the colon, no HCMV DNA sequences were found in tumor biopsy specimens from adenocarcinomas of the colon and rectum in other studies (22, 61) .
HCMV infection has also been linked to KS by (i) high levels of HCMV antibodies in patients with KS (59), (ii) detection of HCMV-related nuclear antigens in KS biopsy specimens and KS-derived lines (16, 60) , and (iii) demonstration of HCMVspecific DNA and RNA (16, 50, 60, 80) in some KS biopsy specimens. KSHV (HHV-8) has recently been identified (27, 125, 147) and has been detected in over 85% of the KS lesions studied (34, 40, 166) . This virus is now considered by most investigators to be the etiologic agent of KS (54, 123, 125) . Whether HCMV also has some involvement in the development of KS has yet to be established.
Transformation of mammalian cells in vitro. While the association of HCMV with specific cancers cited above is suggestive of a possible etiologic role, the data are far from conclusive. The ubiquitous nature of HCMV makes serological studies hard to interpret. Furthermore, the large size of HCMV (230 kbp) makes the detection of small viral DNA sequences (Ͻ1,000 bp) associated with the initiation or progression of cancer very difficult when a whole genomic probe is used. To overcome this difficulty, researchers have worked to identify viral transforming genes that could be used to screen human cancer tissues.
The oncogenic potential of HCMV was originally demonstrated by the ability of both infectious and UV-inactivated virus to transform a variety of rodent and human cells in vitro. Albrecht and Rapp (3) first observed that UV-inactivated HCMV transformed hamster embryo fibroblasts. The transformed cells induced poorly differentiated malignant fibrosarcomas after subcutaneous injection into newborn and weanling golden Syrian hamsters. Although HCMV-specific antigens were demonstrated in the transformed and tumor-derived lines, HCMV DNA sequences were not detected. Similarly, Boldogh et al. (17) transformed hamster embryo fibroblasts with UV-irradiated HCMV and found that both the transformed and tumor-derived lines retained HCMV specific antigens.
The transformation of human embryo lung cells was observed after infection with HCMV strain Mj (55), BT1757 (72), or Towne (72) . Although the expression of HCMV-specific antigens in the transformed and tumor-derived lines decreased with increasing passage, the cell lines exhibited enhanced tumorigenicity in nude mice (56) . Human endothelial cells were transformed to anchorage-independent growth by infection with strains Towne and K9V (156) . UV-inactivated HCMV strain Towne also transformed human endothelial cells but at a reduced frequency compared to infectious virus.
HCMV infection has also been reported to modulate a number of cellular properties often associated with the malignant phenotype (for a review, see reference 35). Transcriptional activation of the proto-oncogenes fos, jun, and myc has been observed after HCMV infection with both laboratory strains and clinical isolates (11) (12) (13) (14) . Because this activation occurred in the absence of viral protein synthesis, including expression of the IE viral regulatory proteins, it is likely that up-regulation of these genes was triggered by the binding of HCMV to its host cell receptor with subsequent activation of a signal transduction pathway by a biologically active virion protein. Jault et al. (83) reported that HCMV infection increased the levels of several cell cycle-regulatory proteins such as cyclins, p53, and phosphorylated Rb and caused cell cycle arrest at the G 2 /M boundary. Bresnahan et al. (20, 21) have reported that HCMV infection induced cyclin E expression and altered the subcellular localization of a cyclin E-associated kinase, Cdk2, in G 0 cells, resulting in cell cycle progression into the G 1 and S phases. Moreover, Zhu et al. (197) showed that HCMV infection of human cells blocked the induction of apoptosis (programmed cell death) and that this block was mediated by the viral IE regulatory genes.
In summary, both infectious and UV-inactivated HCMV were shown to transform a variety of mammalian cells in vitro, and these transformed cells were tumorigenic in nude mice. In addition, HCMV infection was shown to modulate the expression of various proteins involved in cell cycle regulation and apoptosis, providing a rationale for studying specific viral genes and their role in cellular transformation.
Morphological Transforming Regions
The transformation of rodent cells with intact or UV-irradiated HCMV DNA suggested the presence of one or more possible transforming genes. To identify these, researchers have tested HCMV restriction fragments for their ability to convert normal cells to a transformed phenotype to permit growth in soft agar and/or to induce tumors when inoculated into appropriate rodent model systems. Initially, Nelson et al. (129) identified the mtrI sequence within the approximately 5.0-kbp Xba-N fragment in strain AD169 (Fig. 1A) . However, mtrI was not retained in the transformed cells, suggesting that its retention was not essential for the transformed phenotype. This led to the proposition of a "hit-and-run" mechanism for transformation. Subsequently, Clanton et al. (36) 
20-kbp
Xba-E fragment in strain Towne (Fig. 1A) based on its hybridization to the BglII-C and BglII-N transforming regions of HSV-2 under nonstringent conditions (36) (Fig. 1A) . Interestingly, upon further subcloning of the EJ fragment, Thompson et al. (180) showed that the 2.1-kbp SalI-XbaI subfragment containing the mtrIII region retained transforming activity whereas the 5.5-kbp BamHI-SalI fragment containing the IE72 (UL123) gene did not, thereby confirming the transforming potential of mtrIII and excluding any role that IE72 may play in HCMV transformation. Furthermore, all Rat-2 lines transfected with either mtrII or mtrIII were tumorigenic in immunocompetent 5-week-old Fisher rats (46) . Cooperation between mtrII and mtrIII was demonstrated by Jariwalla et al. (81) . Rat-2 cells transfected with mtrII plus mtrIII exhibited a sevenfold-greater transformation frequency than did cells transfected with either mtrII or mtrIII alone. The doubly transfected cell lines produced tumors in syngeneic rats at a much higher rate (5 to 7 days) than did those transformed by either mtr alone (25 to 35 days). Southern blot hybridization showed multiple and amplified mtrII sequences in mtrII-plus-mtrIIIinduced lines, as was observed for mtrII-induced lines. Consistent with previous results (46) , mtrIII sequences were not detected in either the single or double transformants. Retention of mtrII suggested that it was required for the maintenance of the transformed phenotype.
mtrII Oncogene
Localization of mtrII activity to ORF 79 (mtrII oncogene; UL111A). Razzaque et al. (141) further localized mtrII to a 980-bp BanII-XhoI subfragment of the EM fragment which induced transformation in both NIH 3T3 and Rat-2 cells. The nucleotide sequence of this subfragment (mtrII 980) revealed three ORFs encoding proteins of 79, 83, and 34 aa (Fig. 1B) . The sequences at the 5Ј terminus of the ORFs contained regulatory elements that included CAAT boxes, Sp1 binding sites, and TACAAA and ATA transcriptional initiation signals, suggesting a promoter region capable of transcribing the above ORFs. In addition, six copies of the heptanucleotide sequence GGTG(A/G)TC which has similarity to the simian virus (SV40) enhancer core consensus sequence were observed. All of these were found in the first 300 nucleotides of mtrII upstream of the ORFs. The ORFs encoding the 79-and 34-aa products also contained motifs which have 55 to 78% homology to the Kozak consensus translational initiation sequence.
To determine if the mtrII region is transcriptionally active in HCMV-infected cells, expression of mtrII in HCMV infected human fibroblasts was studied by S1 nuclease analysis (141) . A major 410-base transcript was expressed from the 3Ј end of mtrII 980 and coded for the 34-and 83-aa proteins, and a minor 720-base mRNA also encoded the 79-aa protein. Both mRNAs were observed at 24 h postinfection but not at 14 h postinfection, suggesting they code for early HCMV gene products.
To analyze the transforming activity of the mtrII region, colinear regions in HCMV strains AD169 and Tanaka were examined. Jahan et al. (79) observed that the colinear mtrII region of HCMV strain AD169 exhibited similar transforming activity to mtrII from strain Towne. In contrast, mtrII from strain Tanaka showed a 75% reduction in transforming activity. Sequence analysis revealed frameshift differences in both Tanaka and AD169, resulting in the fusion of the N-terminal end of the 34-aa protein to the middle of the 83-aa protein and C-terminal amino acids not encoded by the ORFs of strain Towne (Fig. 1B) . On the other hand, the 79-aa protein was intact in strain AD169 but truncated in strain Tanaka, suggesting that the reduced transforming activity of Tanaka mtrII resulted from the interruption of this 79-aa protein.
To ascertain whether transformation by mtrII resulted from promoter insertion or from expression of the 79-aa protein, Inamdar et al. (76) (76) also observed CAT activity in experiments with similar constructs cloned with Tanaka mtrII subfragments in the sense orientation, showing that while the mtrII promoter was functional in this nontransforming colinear region, it was not sufficient to cause transformation. Moreover, the Towne promoter subfragments, in which the mtrII ORF was interrupted, exhibited no transforming activity. These data eliminated promoter insertion as the mechanism of mtrII transformation.
To determine if there was any homology between mtrII and other known proteins, a BLAST search (4) was performed with the mtrII amino acid sequence. No significant similarity to other known proteins in this database was revealed. However, a Kyte-Doolittle analysis (95) of mtrII ( Fig. 2) predicted that the N-terminal region is highly hydrophobic, suggesting the presence of a membrane-anchoring domain.
Direct evidence for the role of ORF 79 in transformation was reported by Thompson et al. (179) . They demonstrated the ability of a plasmid, pCHCmtrII, containing this ORF expressed from the HCMV IE promoter to transform NIH 3T3 cells. Permanent cell lines established after transfection with pCHCmtrII expressed mtrII mRNA and were tumorigenic after inoculation into immunodeficient athymic mice. Similar stable cell lines were developed after transfection with pCHCmtrII-TTL 24 or pCHCmtrII-TTL 49 , which expressed mutant mtrII that terminated translation after aa 24 or 49, respectively. MtrII-TTL 24 cells failed to produce tumors, suggesting that the hydrophilic N terminus alone was not sufficient for tumorigenesis. However, the mtrII-TTL 49 cell line produced tumors, but with less efficiency than the wild-type mtrII cell line did (Fig. 2) . The results demonstrated the transforming ability of ORF 79 (hereafter in this work referred to as mtrII) in the absence of the ORFs encoding the 34-and 83-aa proteins.
Binding of mtrII protein to p53 protein and inhibition of p53-activated transcription. Understanding the mechanisms of mtrII transformation will help elucidate the role of HCMV in human malignancy. Studies of other DNA tumor virus oncogenes, like those encoding SV40 T-antigen, adenovirus E1A and E1B, and HPV-16 and -18 E6 and E7, have shown that their viral oncoproteins bind to the cellular tumor suppressor proteins, p53 and/or Rb (44, 151, 152, 191, 193) . These interactions resulted in the inactivation of required checkpoints in the cell cycle, giving rise to uncontrolled cellular DNA replication and transformation.
The p53 protein is functionally pleiotropic and plays a role in G 1 arrest, apoptosis, and DNA repair. In normal proliferating cells, p53 is expressed at low levels and has a short half-life of 6 to 20 min (132, 143, 144) . In response to stress signals (such as hypoxia and DNA damage), p53 levels become elevated, predominantly due to its phosphorylation, which prevents its rapid degradation. Phosphorylation also activates p53, which then transcriptionally up-regulates a number of genes, such as mdm2, bax, GADD45, and p21(CIP1/WAF1), which contain p53 responsive elements (9, 29, 47, 124) . The p21 protein (CIP1/WAF1), is an inhibitor of cyclin D-and E-dependent kinases. Inhibition of these kinases results in accumulation of hypophosphorylated Rb protein, which binds and hence inactivates the transcriptional activator E2F (130) . Because E2F is crucial for the expression of genes involved in the G 1 -to S-phase transition, inactivation of E2F results in a G 1 block. Hyperphosphorylation of Rb by cyclin D-and E-dependent kinases releases E2F, allowing the S phase to proceed (190) . Thus, activation of p53 ultimately results in a G 1 block (38) . Viral regulatory proteins, such as SV40 T-antigen, that stabilize and inactivate p53 can relieve the G 1 block by causing the release of E2F, which in turn cycles the cells into the S phase (151, 152) .
To ascertain if expression of mtrII protein was essential for the transformed phenotype and to study the mechanisms of transformation, Muralidhar et al. (127) investigated the expression of mtrII protein in mtrII-transformed cells and its interaction with p53. To accomplish this, an anti-mtrII polyclonal antibody was produced by immunizing rabbits with the C-terminal 20-mer peptide of mtrII. The efficacy of anti-mtrII antibody was demonstrated by its ability to detect mtrII protein expressed in either bacteria or transiently transfected human T cells by Western blot analysis. Next, mtrII protein was detected in lysates of stably transformed NIH 3T3 cells established after transfection with mtrII cloned in the sense orientation in a selectable mammalian expression vector. mtrII protein was not detected in cells transfected with vector sequences or mtrII cloned in the antisense orientation. Expression of mtrII in transformed cells and HCMV-infected human embryonic lung fibroblasts was demonstrated by immunostaining, and the mtrII was localized predominantly to the perinuclear region in the transformed cells.
The interaction between mtrII and p53 was investigated by using in vitro-transcribed and -translated 35 S-labeled mtrII and p53 proteins. mtrII was found to coimmunoprecipitate in the presence of p53 but not in its absence by using two monoclonal anti-p53 antibodies. By using p53 deletion mutant constructs in this assay, the mtrII binding domain was mapped to the Nterminal region of p53, residues 1 to 106, with a critical region from residues 1 to 44 (Fig. 3 ). This domain of p53 is required for (i) binding to mdm2, TATA-binding protein, and the adenovirus E1B 55-kDa protein; (ii) degradation of the HPV E6 protein; and (iii) transcriptional activation. Conversely, testing C-terminally truncated mtrII peptides and wild-type p53 protein showed that the p53-binding domain of mtrII protein was located in the first 49 aa. The interaction between mtrII and p53 was also confirmed in vivo by coimmunoprecipitation analysis of cell extracts.
To study the functional consequences of the mtrII-p53 interaction, the effects of mtrII expression on p53-activated (86, 127) . Also depicted are the DNA-binding domains (189) , transcriptional activation and TATA-binding protein (TBP) binding domains (106) , oligomerization domain (188) , conserved regions (160), E6/E6-AP-binding and degradation domains (116), mdm-2-and adenovirus E1B (55-kDa)-binding domains (103) , and SV40 T-antigen-binding domain (146) . Adapted from reference 127 with permission of the publisher.
VOL. 12, 1999 TRANSFORMING GENES OF HCMV AND HHV-6 371 transcription were analyzed. mtrII inhibited p53-activated transcription both in transient-transfection assays and in stably transformed cells. When a CAT reporter construct driven by a promoter containing two p53-responsive elements (p53G5BCAT) was cotransfected with pCMV/p53, which expressed p53 protein, CAT activity increased over 70-fold. The addition of increasing amounts of the mtrII construct pCHCmtrII resulted in a dose-dependent decrease in CAT activity. Cotransfection with equal amounts of pCMV/p53 and pCHCmtrII decreased transactivation by 40%. The inhibition of p53-activated transcription reached approximately 85% with a 25-fold excess of pCHC/mtrII. No inhibition of basal p53G5BCAT transcription (transfection without pCMV/p53) by mtrII was found. Moreover, mtrII did not inhibit tax-activated transcription of the human T-cell virus promoter-directed CAT expression or tat-activated transcription of the HIV-1 promoter-directed CAT expression. This demonstrated the specificity of inhibition of p53-activated transcription by mtrII.
When similar experiments were performed with mtrII TTL mutants, only high levels of pCHC mtrII-TTL 49 (20-fold in excess of pCMV/p53) inhibited p53-activated CAT activity whereas pCHC mtrII-TTL 24 caused only a small reduction in activity. Moreover, full-length and TTL 49 -truncated mtrII proteins bound to p53 whereas TTL 24 did not. This correlated with p53-activated transcription and transformation studies. Importantly, both wild-type and mtrII-TTL 49 transformed rodent cells were tumorigenic in nude mice whereas mtrII-TTL 24 cells were not (179) . The concordance of these results suggests a causal relationship between mtrII binding to p53, mtrII inhibition of p53 function, and mtrII tumorigenic potential.
Viral oncoproteins such as SV40 T antigen not only bind to p53 and functionally inactivate it but also stabilize the level of p53 in transformed cells by making it inaccessible to the ubiquitin degradation pathway (151, 152) . Interestingly, the level of p53 protein in stably transformed NIH 3T3 cells expressing mtrII was 10-to 20-fold greater than in parental cells or cells transfected with vector plasmid or a construct with mtrII cloned in the antisense orientation (127) . This was the result of a 15-fold increase in the half-life of p53 in mtrII-transformed cells. In spite of the high steady-state levels of p53, the level of CAT activity in transformed cells was only 25 to 30% of that observed in control cells after transfection with p53G5BCAT. Therefore, despite the high steady-state levels, p53 was functionally inactive in mtrII-transformed cells. Elevated p53 levels were also observed after HCMV infection of human embryonic lung cells (126) and in HCMV-infected human smooth muscle cells (161) . Considering the interaction between mtrII and p53, mtrII could contribute to the effects of HCMV infection on p53.
In summary, the mtrII gene has been identified as the HCMV oncogene. Not only are its sequences retained in transformed cells, but also the mtrII protein is expressed in transformed cells. Similar to the oncoproteins of the small DNA tumor viruses, mtrII oncoprotein binds to p53 in vitro and in vivo and inhibits p53-activated transcription in both transiently transfected and stably transformed cells. These observations characterize mtrII as a human herpesvirus oncogene. Further studies are needed to elucidate the complete mechanisms by which mtrII transforms cells. The binding of p53 by the mtrII oncoprotein may alter one or more of the functions of p53 in the cell. The wild-type p53 gene can exhibit both growth and transformation suppressor activities, which result in a G 1 block in the cell cycle (93) . The transcriptional transactivator function of p53 is required for growth arrest (38) . While p53 transactivated WAF1/Cip1 (47), GADD45 (88), mdm2 (9, 29) , and the human bax gene (124) , it also repressed the basal transcriptional machinery and certain viral promoters (58, 154, 174) . p53 is also involved in DNA replication and repair processes (43, 157) and mediates DNA damage-induced apoptosis (107) . Thus, disruption of p53 function either by mutation or by binding to other proteins has been implicated in several human cancers (68, 114) . The effects of mtrII expression and binding to p53 on all of the above pathways remain to be analyzed. In vitro transcription studies are needed to determine if mtrII inhibition of p53-activated transcription is direct or indirect. The effect of p53 inactivation on other cellular changes occurring during transformation, such as loss of contact inhibition of cell growth, remains to be determined. Finally, the presence and expression of the mtrII transforming gene in human tumors remain to be investigated. The identification of mtrII as a transforming gene and an understanding of its interaction with p53 will make this search possible.
Immediate-Early Genes
The HCMV IE gene locus encodes several proteins because of differential splicing of the primary transcript (Fig. 4) (168, 170, 171) . Of these, the two major proteins, IE72 (IE1; UL123) and IE86 (IE2; UL122), are the best characterized. Although these IE proteins have not been demonstrated to be transforming in vitro, they have been shown to interact with the important cell cycle-regulatory proteins p53 and Rb. Shen et al. (155) have shown that IE72 and IE86 cooperated with the adenovirus E1A oncoprotein to transform baby rat kidney cells. In addition, the transformed cells exhibited mutations in cellular genes such as the p53 gene, suggesting the mutagenic potential of the IE proteins. However, expression of the IE proteins was transient, and neither IE DNA nor IE proteins were detected in the transformed cells. Based on these observations, the investigators proposed that the IE genes mediate a "hit-andrun" mechanism of transformation by inducing mutations in cellular genes. Zhu et al. (197) have shown that the IE proteins can inhibit the induction of apoptosis by either tumor necrosis factor alpha or the adenovirus E1A protein and could therefore presumably promote the replication and persistence of the virus.
Several studies have clearly demonstrated that the IE genes can function as viral transactivators. IE72 and IE86 proteins have the identical N-terminal 85 aa encoded by exons 2 and 3. The C-terminal 406 aa of IE72 is encoded by exon 4, while the C-terminal 494 aa of IE86 are encoded by exon 5. The IE proteins are the major regulators of viral early-and late-gene transcription. Moreover, IE86 is a strong transactivator of both viral and host genes (135, 195) while IE72 up-regulates the activity of its own promoter and cooperates synergistically with IE86 in its transactivation function (31, 115, 169) . High concentrations of IE86 inhibit IE mRNA synthesis (66, 135) , and this inhibition is mediated by a specific DNA sequence overlapping the RNA start site (30, 32, 96, 105, 113, 134) . The transactivation of other promoters by IE86 has not been linked to the presence of specific enhancer DNA-binding sequences (158) . Thus, IE proteins may mediate their effects through association with host transcription-regulatory proteins, as is the case for other viral transactivating genes such as HSV-1 and HSV-2 VP16 (104, 173) and adenovirus E1A (69, 100) .
Interactions between IE proteins and p53. Several studies have investigated the effect of HCMV infection and IE protein expression on the levels and functional status of p53. Muganda et al. (126) demonstrated that HCMV infection of human embryonic lung fibroblasts led to elevated levels of p53. In other studies, Speir et al. (161) proposed that the induction of p53 following HCMV infection played a role in coronary artery restenosis, characterized by hyperproliferation of smooth muscle cells. Latent HCMV has been detected in arterial walls of patients suffering from atherosclerosis (65, 121, 159) . The authors found that a majority of the restenosis lesions that exhibited immunodetectable p53 were also positive for HCMV DNA (as determined by PCR). Furthermore, when smooth muscle cells from restenosis lesions were cultured, four of the seven cultures were immunopositive for both p53 and IE86. As a result, Speir et al. have proposed that activation of latent HCMV infection by physical injury during angioplasty may lead to elevated levels of functionally inactivated p53.
To study the effects of an interaction between the IE86 protein and p53, Speir et al. (161) infected normal human coronary smooth muscle cell cultures with HCMV. The kinetics of expression of p53 and IE86 proteins in these cells were strikingly similar, and double immunostaining indicated that both p53 and IE86 were expressed in the same cells. The physical interaction between IE86 and p53 was demonstrated by the specific coimmunoprecipitation of IE86 by anti-p53 in extracts of insect cells infected with baculovirus vectors expressing the two proteins. Finally, when human smooth muscle cells were transfected with a CAT reporter plasmid containing p53-responsive elements, CAT activity was greatly enhanced when the cells were cotransfected with a plasmid expressing p53. The observed enhancement of CAT activity was abrogated when p53 was coexpressed with IE86. These data suggested that HCMV infection of smooth muscle cells could lead to enhanced cell proliferation through the inactivation of p53 function by IE86.
To determine whether the interaction of IE proteins with p53 abrogated G 1 checkpoint function, Bonin and McDougall (19) established stable clonal human foreskin fibroblast cell lines expressing IE72 or IE86. Expression of IE proteins was confirmed by Western blot analysis. IE86 protein, but not IE72, was coimmunoprecipitated with p53 from cell lysates demonstrating the binding of IE86 to p53 in these cells. However, upon treatment with a DNA-damaging agent such as actinomycin D, no difference was observed in the percentage of cells in G 1 /S phase in the parental and IE72-and IE86-expressing cells as determined by fluorescence flow cytometry. Furthermore, no differences were found in levels of p53, p21 (CIP1/WAF1), and mdm2 proteins and the phosphorylation status of Rb after actinomycin D treatment of IE proteinexpressing cells. These data demonstrated that neither IE72 or IE86 abrogated the p53-mediated G 1 block induced by DNA damage.
In conclusion, although a physical interaction between the HCMV IE86 and p53 has been demonstrated, there is no direct evidence for inhibition of p53-mediated cell cycle growth arrest by IE86. Further studies along these lines are necessary to elucidate the role of the interactions of IE proteins with p53 in transformation.
Interactions between IE proteins and Rb. Like p53, Rb also interacts with a number of viral oncoproteins such as SV40 T-antigen and adenovirus E1A (8, 70, 74, 193) . Sommer et al. (158) demonstrated the interactions of IE86 with Rb by using wild-type and deletion mutants of IE86 expressed in bacteria as glutathione S-transferase (GST)-IE86 fusion proteins. Binding of the GST-IE86 fusion protein to in vitro transcribed or translated 35 S-labeled Rb was assessed by immobilization onto glutathione-coated beads. The authors showed that IE86 bound to wild-type Rb and mapped three internal domains of IE86, i.e., residues 85 to 135, 136 to 290, and 291 to 364, that could independently bind to Rb.
A complementary study by Fortunato et al. (52) determined the domains of Rb required for binding to IE86. More than one IE86-binding domain was found within Rb, i.e., the Cterminal domain from aa 768 to 926 and the Rb A/B pocket from aa 379 to 776. Most other proteins such as SV40 Tantigen and adenovirus E1A that bind Rb require the A/B pocket region or the C-terminal end or both (177, 186, 187) . The authors also investigated the functional interaction between IE86 with Rb in vivo by employing a human osteosarcoma cell line, Saos-2, that expressed a nonfunctional form of Rb that localized to the cytoplasm rather than the nucleus. These cells were arrested in G 1 when wild-type Rb was restored. Coexpression of IE86 in these cells did not reverse the Rb-induced G 1 arrest, suggesting that interaction between IE86 and Rb did not affect the ability of Rb to cause cell cycle arrest at G 1 . In a second assay, Saos-2 cells were cotransfected VOL. 12, 1999 TRANSFORMING GENES OF HCMV AND HHV-6 373 In summary, IE86 binds to both Rb and p53. However, there is no evidence that IE86 interferes with Rb or p53 cell cycle regulation, thus leading to an extended life span or transformation (as in the case of SV40 T-antigen). Further studies are necessary to determine if the IE genes play a role in HCMV transformation.
HUMAN HERPESVIRUS 6 Overview
Similarities between HCMV and HHV-6 in genetic sequence (45, 99) , restricted host range, and other biological properties including association with human malignancies led to studies to determine the oncogenes of HHV-6. HHV-6 is a T-cell-tropic virus that was originally isolated from AIDS patients with lymphoproliferative disorders (85, 148) and later detected in various AIDS-related and other human lymphoid malignancies (2, 111, 112, 175) . HHV-6 isolates are grouped into variants A and B and have been detected in the saliva and peripheral blood leukocytes of healthy adults (37) and in peripheral blood leukocytes of children with exanthem subitum (176) . HHV-6 infection causes exanthem subitum (194) and has been linked to meningoencephalitis (77) , infectious mononucleosis (10, 167) , persistent lymphadenopathy (131), fulminant hepatitis with atypical lymphocytosis and lymphadenopathy (5), autoimmune disorders (92), chronic fatigue syndrome (23), Kikuchi syndrome (a form of necrotizing lymphadenopathy) (89), pneumonitis (24) , and multiple sclerosis (26) . HHV-6 was also detected by in situ hybridization in RosaiDorfman disease, a form of massive, generally benign lymphadenopathy affecting children and young adults (102) .
HHV-6 has been proposed to be a cofactor in AIDS progression because both HHV-6 and HIV-1 coinfect CD4 ϩ human T cells, resulting in accelerated cytopathic effects (110) . HHV-6 may play a role in the reactivation of latent HIV-1 as well as in the up-regulation of HIV-1 expression, as has been observed by Ensoli et al. (49) . Additionally, Lusso et al. (109) have demonstrated that HHV-6 infection of CD8 ϩ human T cells induced CD4 expression, rendering these cells susceptible to HIV-1 infection. Therefore, HHV-6 may augment AIDS progression either by increasing HIV-1 production or by increasing the population of HIV-1-susceptible cells.
HHV-6 DNA sequences have been identified in various human cancers including African Burkitt's lymphoma, Hodgkin's lymphoma, and EBV-negative B-cell lymphoma (48, 82, 84, 183) . In fact, integration of the HHV-6 genome into the 17p13 region of chromosome 17 has been demonstrated in peripheral blood mononuclear cells isolated from three individuals, one with Hodgkin's disease, one with non-Hodgkin's lymphoma, and one with multiple sclerosis (108, 182) . Whether the integration of HHV-6 contributed to the etiology of the above lymphomas remains to be determined. These observations have encouraged researchers to identify HHV-6 transforming gene(s) and evaluate the potential of HHV-6 to be an oncogenic virus.
Identification of Transforming Fragments
Razzaque (140) detected focal transformation of NIH 3T3 cells with either total genomic DNA or HHV-6A strain GS or genomic DNA containing each of two nonoverlapping subfragments, ZVH14 (8.7 kbp) or ZVB70 (21 kbp) (Fig. 5A) . The frequency of transformed foci was similar for genomic DNA and ZVH14 but was about fourfold lower for ZVB70. Independent cell lines, established from isolated foci of cells transfected with either genomic DNA or ZVH14, exhibited both anchorage-independent growth in agarose and tumorigenicity. Additionally, NIH 3T3 cell lines containing either genomic HHV-6 DNA or ZVH14 and a neomycin (G418) resistance gene were established. These cell lines also exhibited anchorage independence and tumorigenicity. Interestingly, no ZVH14 DNA was detected by Southern blot analysis in either genomic DNA or ZVH14 focally transformed cells or their tumor-derived lines. In contrast, the G418-selected lines contained intact or rearranged ZVH14 sequences. All but one of the selected lines developed after transfection with genomic HHV-6 DNA also retained ZVB70 sequences. The data suggested the presence of one or more transforming regions within the HHV-6 genome, specifically within ZVH14. Since the ZVH14 transforming region was not retained except under selective pressure, it may not be required for maintenance of the transformed phenotype. No further report has localized the ZVH14 transformation to a specific ORF.
In another study, Thompson et al. (178) tested five fragments of HHV-6 strain U1102 for focal transformation of NIH 3T3 cells. Of these, only the 3.9-kbp SalI-L fragment caused transformation (Fig. 5A) . The number of transformed foci observed for SalI-L was similar to that obtained with the HCMV mtrII oncogene. SalI-L-derived focal cell lines exhibited anchorage-independent growth in agarose and produced tumors with a latency period of under 2 weeks in athymic mice. Southern blot analysis revealed rearranged SalI-L DNA sequences in the tumor-derived cell lines. The data establish the malignant transforming activity of HHV-6 SalI-L and suggest that it is required for the maintenance of the transformed phenotype.
To determine the putative ORFs responsible for transformation, SalI-L was sequenced. SalI-L contains seven ORFs encoding proteins of 75 aa or more (Fig. 5B) . A search of the DNA and protein sequence data bases revealed no similarity of these proteins to other known proteins. In addition, 43 tandem copies of the repeat motif TAACCC, which demarcates the junction between the direct repeat and unique sequences of HHV-6, were identified.
Identification and Characterization of the ORF-1 Transforming Gene
Localization of SalI-L transforming activity to ORF-1 (DR7). To determine the transforming regions within the SalI-L fragment, Kashanchi et al. (86) subcloned six subfragments and tested them for focal transformation of NIH 3T3 cells. The results showed that only the SalI-HindIII subfragment containing ORF-1, ORF-3, and ORF-7 (Fig. 5B) induced morphological transformation. The individual ORF-1, ORF-3, and ORF-7 were then subcloned in a mammalian expression vector and tested for their ability to induce focal transformation. Only ORF-1 was found to induce foci above background levels, and the ORF-1 focal lines were tumorigenic in athymic nude mice. To demonstrate that ORF-1 translation was required for transformation, ORF-1 with a translation termination linker (TTL) inserted after codon 172 (TTL 172 ) was con-structed. The location of the TTL was upstream of ORF-3, leaving the ORF-3 protein intact (Fig. 5B) . Cell lines transfected with wild-type ORF-1 exhibited morphological transformation, while those transfected with the TTL 172 mutant did not. Expression of wild-type and mutant ORF-1 proteins in these cell lines was confirmed by Western blot analysis with rabbit polyclonal antibody raised against purified bacterially expressed ORF-1 protein. When wild-type ORF-1 and TTL 172 cell lines were tested for tumorigenicity, wild-type ORF-1 cells produced fibrosarcomas in nude mice whereas TTL 172 mutant cells did not. Furthermore, ORF-1 protein was detected in tumor tissue by Western blot analysis, suggesting that the expression of ORF-1 protein was required for tumorigenesis.
Characteristics of the ORF-1 gene. A Kyte-Doolittle analysis (95) of ORF-1 protein (Fig. 6A) revealed several hydrophobic and hydrophilic domains, indicating that it could be membrane associated. Interestingly, a search with the PROSITE protein motif library (6, 7) elucidated sequences (aa 31 to 41 and 183 to 193) that matched the consensus sequence for procaryotic membrane lipoprotein lipid attachment sites (64) . Whether these sites are functional in ORF-1 remains to be determined. However, their presence suggested that ORF-1 protein could be a membrane-associated protein.
As previously described, a BLAST search (4) revealed no similarity in amino acid sequence between ORF-1 protein and other known proteins. However, the MACAW software (153) revealed sequences in ORF-1 protein that aligned with the HCMV US22 family of proteins as well as two HCMV transactivators, IRS1 and TRS1 (Fig. 6B) (28, 91, 165, 192) , suggesting functionally analogous regions.
To determine if ORF-1 was expressed during HHV-6 infection, ORF-1 mRNA and protein expression in HHV-6-infected human T cells were examined by reverse transcription-PCR and Western blotting with anti-ORF-1 antibody, respectively (86, 140, 178) and genes that transactivate the HIV-1 LTR promoter (57, 87, 117, 181, 185, 196) VOL. 12, 1999 TRANSFORMING GENES OF HCMV AND HHV-6 375
on February 22, 2013 by PENN STATE UNIV http://cmr.asm.org/ (86) . Both RNA and protein were observed from 18 to 48 h, suggesting that ORF-1 is an HHV-6 early gene. Association of ORF-1 with human malignancies. With the in vitro identification of the ORF-1 oncogene, studies were performed to determine if there was any association of ORF-1 with human malignancies (86) . Glioblastomas and pathologic lymph nodes from patients with angioimmunoblastic lymphadenopathy, angioimmunoblastic lymphadenopathy-like lymphoma, Hodgkin's disease, and both B-and T-cell-lineage non-Hodgkin's lymphoma were examined by PCR. ORF-1 sequences were rarely detected in any of the malignancies. In contrast, ORF-1 sequences were found in 5 of 12 lymph nodes from patients with angioimmunoblastic lymphadenopathy, while nonmalignant lymph nodes and normal brain tissue specimens were negative. Thus, ORF-1 sequences, which exhibited oncogenic properties in vitro, were retained at variable frequency in various human tumor tissues. These observations, while not proof per se, are a necessary prerequisite for establishing the role of ORF-1 in human malignancies.
Interaction between the ORF-1 and p53 proteins. The expression of ORF-1 protein in transformed cells and tumor tissues may suggest a maintenance function for ORF-1. Because binding to p53 is characteristic of several viral oncoproteins, including HCMV mtrII (see above) (75, 101) , ORF-1 protein was also tested for binding to p53. In GST pulldown assays, ORF-1 was observed to bind specifically to GST-p53. Furthermore, anti-ORF-1 serum coimmunoprecipitated the p53-ORF-1 complex. Coimmunoprecipitation experiments performed with truncated p53 proteins demonstrated that the ORF-1-binding domain of p53 was between residues 28 and 187, with a critical region between 107 and 187 ( Fig. 3) . This overlapped the specific DNA and SV40 T-antigen-binding sites of p53.
Because the ORF-1 and specific DNA-binding domains of p53 overlapped, the ability of ORF-1 to affect p53-activated transcription was examined by using a p53-responsive reporter construct (p53G5BCAT). Wild-type ORF-1 cells transfected with p53G5BCAT exhibited a seven-to eightfold reduction in CAT activity compared to parental NIH 3T3 cells expressing the ORF-1-TTL 172 mutant or cells containing a construct with no p53-binding sites (pSV2CAT). Thus, ORF-1 specifically suppressed p53-activated transcription. The binding of ORF-1 protein to p53 may alter the ability of p53 to regulate cellular genes important for growth control.
Transactivation of the HIV-1 Promoter by ORF-1
Proteins expressed from the transforming genes of many DNA tumor viruses are often transactivators. Therefore, Thompson et al. (178) tested the ability of the SalI-L fragment to transactivate the HIV-1 LTR promoter. It has been previously reported that coinfection of human T-cell lymphocytes with HHV-6 and HIV-1 increased HIV-1 replication (110) . Moreover, HHV-6 infection was further shown to up-regulate the HIV-1 LTR promoter. When an HIV-1 LTR CAT reporter plasmid was cotransfected with SalI-L into either monkey fibroblasts or human lymphocytes, CAT activity increased by up to 15-fold in a dose-dependent manner as compared to the CAT activity observed after transfection with HIV-1 LTR CAT alone. Thus, SalI-L contained a transactivator gene that up-regulated the HIV-1 promoter. Because the transactivation occurred in human T lymphocytes, which are permissive for both HIV-1 and HHV-6 replication, a clinically relevant association may exist in coinfected cells. Kashanchi et al. (87) identified the ORF within SalI-L responsible for HIV-1 LTR transactivation. Specifically, subfragments of SalI-L containing different ORFs were each tested for transactivation activity in both T-cell lymphocytes and monocytoid cells. These studies identified ORF-1, ORF-3, ORF-6, and ORF-7 as candidates (Fig. 5B) . Of the individual ORFs that were cloned into a mammalian expression vector, only the ORF-1 construct exhibited transactivation of HIV-1 LTR that was comparable to that of SalI-L.
To determine which elements of the HIV-1 promoter were required for ORF-1 transactivation, the HIV-1 promoter deletion mutant CAT reporter constructs were tested for transactivation ( Fig. 7) (87) . ORF-1 was capable of transactivating both deletion mutant constructs (16-to 24-fold), including the one containing the minimal HIV-1 promoter with only the TATA box element but no other upstream enhancer elements. On the other hand, HPV-16 and HPV-18 promoter CAT reporter constructs, which each contain a TATA box initiation element, were not transactivated by the SalI-L fragment. These data demonstrated the specificity of ORF-1 transactivation and suggested that although HIV-1 upstream enhancer elements were not required, elements other than the TATA box were involved in transactivation.
To study the role of ORF-1 protein in the enhancement of HIV-1 expression, purified ORF-1 protein was produced in bacteria. The ORF-1 gene was cloned in the bacterial expression vector, pET17b, which resulted in expression of ORF-1 protein fused to the pET17b 11-aa Tag sequence containing an epitope for the anti-T7.Tag monoclonal antibody (87) . This fusion allowed affinity column purification of ORF-1 protein.
When purified ORF-1 was cotransfected into human T cells with the HIV-1 LTR CAT construct, CAT activity increased up to fivefold compared to that obtained by transfection of the reporter gene alone. This transactivation was inhibited by anti-T7.Tag antibody. Thus, ORF-1 protein was responsible for the observed transactivation of the HIV-1 promoter by the ORF-1 gene.
Purified ORF-1 protein also up-regulated the HIV-1 promoter in an in vitro transcription assay. All necessary transcription factors were provided by a HeLa cell extract. Basal levels of the HIV-1 LTR CAT mRNA were increased fourfold upon addition of ORF-1 fusion protein to the reaction. This increase in transcription was specifically inhibited by anti-T7.Tag antibody. These in vitro studies demonstrated that ORF-1 protein acted directly on the HIV-1 LTR.
Because ORF-1 was shown to up-regulate the HIV-1 promoter, its ability to activate HIV-1 replication was investigated by using a human cervical carcinoma cell line which expresses the CD4 cell surface marker and contains integrated tat-defective HIV-1 provirus. Transfection of these cells with either SalI-L or ORF-1 constructs resulted in the release of significant levels of HIV-1 into the medium as measured by the HIV-1 p24 Gag antigen capture assay. Although the level of viral release was 50-to 100-fold lower than that achieved by transfection with tat, the level released by ORF-1 was sufficient to initiate a productive HIV-1 infection from latently infected cells. Thus, ORF-1 may be one of the specific transactivators of HHV-6 responsible for the up-regulation of HIV-1 expression (49) .
In addition to ORF-1 (87), five other HHV-6 genes that transactivate the HIV-1 promoter have been identified (Fig. 5 ) (57, 117, 181, 185, 196) . Each of these HHV-6 transactivators requires Sp1 and/or NF-B enhancer sites, whereas ORF-1 requires only the TATA box element. This suggests that ORF-1 may function by recruiting basal transcription factors to the promoter. Initial studies have demonstrated binding of ORF-1 to the basal transcription factor TATA-binding protein (unpublished data). Further studies are essential to elucidate the mechanism of transactivation by ORF-1. Furthermore, the ability of ORF-1 to transactivate other HHV-6 genes or cellular genes remains to be determined. Further studies along these lines are necessary to define the role of ORF-1 in HHV-6 infection as well as to assess the role of HHV-6 as a cofactor in AIDS progression.
CONCLUSION
Human herpesviruses have been investigated for the past several decades as possible oncogenic agents. Studies cited in this review demonstrate that HCMV and HHV-6 contain in vitro transforming genes which are retained in both transformed and tumor-derived cell lines. These genes may be in part responsible for the tumorigenic phenotype observed in some human cancers. In the case of HCMV, the mtrII oncoprotein was expressed in transformed and tumor derived cell lines. Furthermore, mtrII protein bound to p53 and inhibited p53-activated transcription. In the case of HHV-6, both transactivating and transforming activities were localized to HHV-6 ORF-1. Like mtrII, ORF-1 also bound to p53 and inhibited p53-activated transcription. These activities, coupled with the VOL. 12, 1999 TRANSFORMING GENES OF HCMV AND HHV-6 377 detection of ORF-1 in malignant tissues, may indicate a role of ORF-1 in human cancer. Both the HCMV and HHV-6 oncoproteins exhibit the same characteristics as the oncoproteins of several DNA tumor viruses such as SV40 and polyomavirus T-antigens (191) , adenovirus E1B (193) , and HPV-16 E6 (44) because of their ability to bind to and inactivate host tumor suppressor proteins such as p53. This binding may uncouple normal growth control processes and lead to cellular transformation. A schematic summarizing the interactions of HCMV and HHV-6 proteins with host tumor suppressor proteins and the potential pathways that may be disrupted is shown in Fig.  8 . Although the HCMV mtrII and IE86, as well as the HHV-6 ORF-1 proteins, bind to and inhibit p53-activated transcription, the effects on specific p53-mediated pathways such as apoptosis, stress-induced G 1 and G 2 growth arrest, and DNA repair have not yet been characterized. The IE86 protein also interacts with Rb. However, data showing the effect of this interaction on G 1 growth arrest is inconclusive. The acquisition of a fully malignant phenotype by normal cells is thought to require several mutations or dysfunctions in a number of cellular genes and proteins. Inhibition of antioncogene functions, as discussed above, could be one mechanism by which herpesviruses modulate the malignant potential of cells. In the case of HCMV infection, a number of other mechanisms such as stimulation of growth factors or proto-oncogenes and inhibition of cellular apoptotic pathways may play a role in altering cell growth. Boldogh et al. (11) (12) (13) (14) 18) have demonstrated that HCMV infection activated a number of proto-oncogenes, such as c-myc, c-fos, and c-jun, and signaltransducing proteins such as H-ras. Jault et al. (83) have shown that HCMV infection also resulted in the activation of a number of cell cycle-regulatory proteins such as p53, phosphorylated Rb, and cyclins. In this regard, Bresnahan et al. (20, 21) have reported that HCMV infection induced cyclin E expression and altered the subcellular localization of a cyclin E-associated kinase, Cdk2, in G 0 cells, resulting in cell cycle progression into the G 1 and S phases. Furthermore, Zhu et al. (197) showed that HCMV infection blocked the induction of apoptosis and that this block was mediated by the IE proteins.
Thus, the ability of HCMV infection to alter several important cellular regulatory pathways may clearly play a role in determining its oncogenic potential.
In recent years, it has become increasingly clear that viral evasion of host immune responses plays an important role not only in disease but also in transformation and tumor development. In this regard, a number of viruses and viral oncogenes have been shown to modulate the expression of major histocompatibility complex genes (118) . Loss of major histocompatibility complex antigen expression in infected or transformed cells may serve as a mechanism of survival and escape from the host immune system. Further analysis of the above mechanism(s) of transformation by herpesvirus oncogenes, together with their detection in human cancers, will provide insights into the multistep process of malignant transformation.
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